Groundwater quality in the Loerie Flats, and subsurface irrigation return flow to the upper Gamtoos estuary was monitored from November 1992 to April 1994. The nutrient loading of groundwater was highly variable both spatially and temporally, with elevated nitrate-N levels reaching 163 mg·l -1 . The elevated nutrient concentrations in the groundwater were directly related to the timing of land-surface application of fertilisers. The nutrient loading to the estuary, via subsurface irrigation return flow was calculated using Darcy's equation together with the mean concentration of nutrients found in groundwater in the Loerie Flats area. Results indicate that an average of 0.52 t nitrate-N, 0.02 t nitrite-N and 0.10 t of total phosphorus enter the Gamtoos estuary from the 5.5 km 2 Loerie Flats area on an annual basis. Such nutrient loads emanate from less than 20% of the total agricultural area bordering the estuary. Despite the elevated nutrient input to the estuary via groundwater discharge, the nutrient content of the estuary was generally low, but at times elevated concentrations of nutrients were recorded in the upper estuary. It was found that estuarine mixing processes and dilution, with adequate flushing have prevented the periods of low quality water from persisting in the Gamtoos estuary.
Introduction
Intensive agriculture has long been identified as a cause of nutrient loading of shallow groundwater (Konikow and Person, 1985; Hallberg, 1986; Sabol et al., 1987; Schmidt and Sherman, 1987) . To determine the impact of irrigation return flow on receiving aquatic environments (Reay et al., 1992; Nuttle and Harvey, 1995) , the volume and chemical characteristics of groundwater throughflow need to be assessed (Bokuniewicz, 1980; Johannes, 1980; Capone and Bautista, 1985; Millham and Howes, 1994) . Furthermore, to identify the impact which irrigation return flow has on an estuary, it is necessary to assess the physical properties, mixing characteristics and residence times in the estuary (Birch, 1982; Kunishi, 1988; Baker and Horton, 1990) .
This study has factors in common with that of who investigated the spatial and temporal patterns of nutrient inputs into the Choptank River estuary, USA. Like the Gamtoos estuary (South Africa), the Choptank estuary is wellmixed and shallow (less than 3 m deep), with land-use that is predominantly agricultural. Compared to most systems analysed elsewhere in the world, the input of freshwater into South African estuaries is very limited, and has been further reduced by the building of dams in many river catchment areas (MacKay, 1993; Jerling and Wooldridge, 1994) . Where the natural flow of aquatic environments is limited, anthropogenic influences will be exacerbated, and may influence the functioning of the receiving estuary. The National Water Act (Act 36 of 1998), however, now recognises the environment as an official user of water and states that the long-term sustainability of aquatic ecosystems cannot be compromised (South African Government Gazette, 1998) . The freshwater requirements of each estuary will need to be determined (a fairly complex task) so that the functioning of the ecosystems is not adversely affected, whether it be caused by an upstream impoundment or the input of contaminants from agricultural or other land use.
This paper examines the nutrient loading of groundwater in the Loerie Flats (Fig. 1) , and the subsurface irrigation return flow to the upper Gamtoos estuary from the Loerie Flats. The paper also outlines the resultant effect of this input on the water quality of the Gamtoos estuary.
Methods
The location of the study site -the Loerie Flats is shown in Fig. 1 , a 5.5 km 2 area west of the Loerie River. The Loerie Flats is a narrow alluvial flood plain bordering the Gamtoos estuary and the Loerie River, a minor tributary. Evaporation in this region exceeds the annual average rainfall of ~400 mm (Schulze, 1986) . The presence of the Kouga Dam on the Gamtoos River has reduced the natural freshwater flow downstream in the river to less than 1 m 3 ·s -1
. Landuse in the Loerie Flats is intensive vegetable cultivation requiring irrigation (using surface water from the Kouga Dam) and supplemental application of fertilisers and pesticides to crops to ensure sustained yields.
To examine groundwater, sixteen shallow (depth: 4.30 m to 5.73 m) boreholes were installed in 4 groups as shown in Fig. 1 . The variable underlying alluvial material (Zhang, 1995) necessitated the close positioning of the holes relative to one another. Soil is predominantly clay with thin lenses of sandy clay and sandy clay loam. Rest water levels (RWLs) and groundwater samples were taken monthly from November 1992 to February 1994, with limited monitoring of RWLs in five of the boreholes extended to June 1994.
The Gamtoos estuary was also monitored at 10 stations from the upper tidal limit to the estuary mouth, to determine nutrient content and depth profiles of electrical conductivity (EC), salinity and temperature. The locations of the upper tidal limit near station 1, stations 2 to 6 (bordering the Loerie Flats) and stations 7 to 9 Available on website http://www.wrc.org.za (downstream of the confluence with the Loerie River) are shown in Fig. 1 . Estuarine measurements occurred in conjunction with the borehole measurements. Samples were taken at the estimated centre of flow at low tide at both spring and neap tides. During the 16-month study period, an additional four intensive measurement periods (ranging from 6 to 18 consecutive days), entailed twice daily determinations of RWLs and physical parameters at most estuarine stations.
Aquifer recovery tests (similar to that described by Oosterbaan and Nijland, 1994) were performed on the boreholes. Hydraulic conductivity (K) was determined by applying the Ernst equation (Oosterbaan and Nijland, 1994) to the data obtained from the aquifer recovery tests. The Ernst equation Eq. 1 is given as:
(1) where: K = hydraulic conductivity (m·s -1 ) C = a factor as defined in Eq. (2) below t = time elapsed since the first measurement of the rising water level in the borehole (s) H t = depth of the water level in the hole below a reference level at time t (m) H 0 = H t when t = 0
The C factor depends on the depth to an impermeable layer below the bottom of the hole (D), and the average depth of the water level in the hole below the water table (h') as given in Eq. 2: (2) where:
D 2 = depth of the bottom of the hole below the water table (cm), with the condition that 20 < D 2 < 200 r = radius of the hole (cm): 3 < r < 7 h' = average depth of the water level in the hole below the water The cross-sectional area (30 800 m 2 ) applied to Darcy's equation was calculated from the depth of the water table a.m.s.l. and the circumference of the study area bordering the estuary, from station 2 to the Loerie River (7 700 m). The hydraulic gradient and the direction of groundwater movement were determined according to the RWLs relative to the estuary water level at the time of measurement. This paper focuses on the nutrient content of the estuarine and groundwater samples. All water samples were analysed using standard methods (Standard Methods, 1989) , nitrate (NO 3 ) as N was determined using the sodium salicylate method, whilst nitrite (NO 2 ) as N and total dissolved phosphorus (total P) were determined by colorimetric development.
Results and discussion
Groundwater quality Table 1 provides the mean values, range and standard deviations of electrical conductivity (EC) and nutrient concentrations in the 16 boreholes. No seasonal trends in groundwater quality were observed. Rather, short-term variations particularly regarding the nutrient content of groundwater occurred, and it is these results that are presented in this paper. This nutrient loading was directly related ) in April 1993 and December 1992 respectively. Whilst the total loading of nitrogen (fertiliser applications) has been found by some researchers to be the main factor influencing the quantity of nitrate available for leaching (Schmidt and Sherman, 1987; Ritter et al., 1990) , conditions which most favour the leaching of nitrate from soil are frequent changes in crop type, interspersed with lying fallow with crop residues left in the fields (Tredoux, 1993) , as occurs throughout the Loerie Flats. Nitrate loading of groundwater may, however, be reduced by the processes of volatilisation and denitrification within the sediments prior to entering the estuary (Slater and Capone, 1987; Burt and Haycock, 1991) .
The total phosphorus content of groundwater was routinely high at two areal clusters of boreholes (boreholes 1 to 3 and boreholes 13 to 15). In the remainder of the boreholes, the mean total phosphorus levels were generally below 1mg·l -1 with the exception of borehole 10 (2.46 mg·l -1 was recorded in January 1993), and boreholes 7 and 8 in April 1993 (2.73 mg·l -1 and 3.80 mg·l -1 respectively). Seepages were frequently observed along the banks of the Gamtoos estuary, particularly between stations 2 and 4. Whilst they were mostly observed in this area, the presence of thick bank vegetation may have obscured the observation of seepages in other areas. One such seepage, approximately 70 m from borehole 9, was sampled on one occasion. The seepage exhibited some similarity to groundwater in the vicinity at the time of sampling (EC 595 mS·m -1 , 9.14 mg·l -1 nitrate-N, 0.26 mg·l -1 nitrite-N, 0.79 mg·l -1 total phosphorus). Groundwater flow paths (drawn as small arrows in Fig. 1 ) indicate that groundwater had moved from an area of recharge in the vicinity of boreholes 4 and 5 towards the estuary near borehole 9, which would account for the similarities in hydrochemistry.
Groundwater discharge
Groundwater movement generally occurred outward from a number of localised recharge zones towards the estuary. Slight variations in the areas of recharge occurred; for example the elevated water table shifted from the vicinity of boreholes 4 and 6 to the vicinity of borehole 5 in December 1992, January and November 1993 and February and April 1994. Minor fluctuations in the water table level occurred in response to light rainfall, with minor localised changes occurring in response to irrigation. Groundwater direction of flow in the vicinity of boreholes 7 and 8 differed from that of the other boreholes at that grouping, moving southward towards the estuary. The subsurface irrigation return flow from the study area to the estuary was calculated using Darcy's equation, to be on average 276 m 3 per day (based on 1994 data). Compounding any estimation of groundwater discharge is that the rate and direction of discharge will change in response to fluctuating groundwater levels and hydraulic gradient (cf. Staver and Brinsfield, 1996) . Groundwater in the Loerie Flats is not only influenced by seasonal fluctuations in water table related to trends in rainfall recharge, but bordering an estuarine system, also to tidal fluctuations.
The aquifer recovery tests were conducted in 1994, a year characterised by average rainfall conditions (496.3 mm, which is close to the 20-year running mean rainfall in the Gamtoos region of 422.5 mm per annum (rainfall records, Weather Bureau, 1994)). It is unfortunate that aquifer recovery tests were not conducted in In coastal and estuarine regions, groundwater levels may fluctuate in response to tidal fluctuations as a pressure wave propagates inland through the adjacent aquifer (Serfes, 1991) . The characteristics of the pressure waves are a function of the tidal period, tidal amplitude and aquifer transmissivity. Fluctuations in the RWLs in the Loerie Flats, however, showed no correlation with tidal fluctuations in the Gamtoos estuary. Furthermore, the low aquifer transmissivity throughout the flood plain (mean 0.47 m per day, Pearce and Schumann, 1997) would hinder the transmission of pressure waves through the aquifer, with pressure effects further reduced by the shallow unconfined nature of the aquifer.
Tidal fluctuations although found to have no influence on groundwater level fluctuations in the Loerie Flats, will affect the hydraulic gradient. With an increase in the hydraulic gradient there will be a proportional increase in groundwater discharge to the estuary. A system with large tidal fluctuations would necessitate additional calculations (for groundwater discharge) for each cycle of tidal change. In the Gamtoos estuary, however, the tidal lag time in the vicinity of estuarine station 2 was 2 h 27 min and at this point the tidal amplitude is attenuated, being 0.5 m at spring tide and 0.2 m during neap tide. The combined effects of low tidal amplitude and period, and the distance of boreholes from the estuary would also account for the absence of any tidal effect in borehole water levels. Given the low tidal amplitude and minimal fluctuations in groundwater levels, it is appropriate to base groundwater discharge calculations on the mean discharge of 276 m 3 per day. Regardless of rainfall conditions, the water table was at a higher elevation than the estuary throughout the study period which would favour a continual preferential discharge of groundwater to the estuary during both high and low tide, with the minimal short-term proportional flux varying with tide.
An indication of the input of nutrients to the Gamtoos estuary, via subsurface irrigation return flow, is obtained by examining the nutrient content of groundwater abstracted from the boreholes and the subsurface discharge to the estuary. As groundwater discharge and quality (as seen in Table 1 ) varies throughout the area, so too, the proportion of nutrients entering the estuary via irrigation return flow will vary spatially and temporally.
Nitrate-N levels in groundwater in the Loerie Flats ranged from 0.10 mg·l -1 to 163.00 mg mg·l , and given the average groundwater discharge of 276 m 3 per day, a total of 0.52 tons of nitrate-N will enter the estuary on an annual basis. While the average annual nitrate-N input into the estuary is 0.52 tons, the loading could be as high as 16.4 tons (if the maximum nitrate concentration of 163.00 mg·l -1 is used in the calculation). Nitrite-N and total phosphorus loads were calculated in a similar manner. Calculations based on the mean nitrite-N for the area (0.22 mg·l respectively, these concentrations yield an input of 0.10 and 0.40 t respectively of total phosphorus into the estuary on an annual basis. Given that the boreholes did not display elevated nutrient levels simultaneously, the nutrient inputs into the estuary will be closer to the mean values of 0.52 t nitrate-N, 0.02 t nitrite-N, and 0.10 tons total phosphorus than the upper range of inputs. The average nutrient loads are, nonetheless, conservative estimates. Furthermore, they emanate from an area which comprises less than 20% of the total agricultural area bordering the estuary. Irrigation return flow along the entire expanse of the estuary including the west bank, as well as deeper groundwater inputs would yield a substantial diffuse source of nutrients to the estuary.
Nutrient levels in the Gamtoos estuary
Nitrogen and more particularly phosphorus are the main indicators of the nutrient status of a water body. As seen in Table 2 , the nitrate-N levels throughout the estuary during the study period were routinely low, being equal to or below the detection sensitivity for the method of determination i.e. 0.10 mg·l -1
. This level was exceeded on 3 of the sampling dates at a number of estuarine stations. These being on 15 June 1993 at station 6; on 26 August 1993 at stations 2, 5 and 6; and on 12 October at station 2. The recommended nitrite-N and total phosphorus limit for the protection of estuarine aquatic life is 0.06 mg·l -1 for each constituent (Dallas and Day, 1993) . The recommended nitrite-N limit was exceeded at stations 3 (0.18 mg·l ) on 6 November 1993. Elevated nitrite-N levels ranging from 0.07 to 0.27 mg·l -1 were also recorded between November 1993 and February 1994 at station 7 which is also bordered by agricultural lands. The recommended total phosphorus concentration was exceeded (on average) at all ten stations ( Table 2 ). The mean total phosphorus for the ten estuarine stations was 0.20 mg·l -1 (standard deviation 0.43), with extreme values being recorded at station 1 (1.02 mg·l -1 ) and at station 5 (3.81 mg·l -1 ) both on 15 May 1993. This study did not examine the irrigation return flow to the Gamtoos River upstream of the tidal head at Boschhoek (Fig. 1) . However, the inflow of nutrients to the estuary from the river upstream (as recorded at station 1 near the tidal limit of the estuary), was generally low, with 2 exceptions. In February 1994 a nitrite-N concentration of 0.07 mg·l -1 was recorded and the previously mentioned total phosphorus concentration of 1.02 mg·l -1 (in May 1993).
The fate of the nutrients entering the estuary
The fate of the contaminants entering the Gamtoos estuary is determined by estuarine processes: physical properties, mixing characteristics and residence times in the estuary, and also by the freshwater input to the estuary. It is important that nutrient inputs to the estuary do not accumulate, and the extent of estuarine circulation will determine the residence time of such nutrients, amongst other factors. A detailed description of the Gamtoos estuarine hydrodynamics is given in Schumann and Pearce (1997) and is not repeated here. A brief synopsis of findings relevant to this study are included in the discussion to follow. The Gamtoos, like many other estuaries in the semi-arid regions of South Africa (MacKay and Schumann, 1990; Largier and Slinger, 1991; Schumann et al., 1997) receives a low freshwater input (estimated at less than 1 m 3 ·s -1 ), with tidal currents being the main factor contributing to mixing within the estuary. The Gamtoos estuary is semidiurnal, micro-tidal with neap tide amplitudes at the mouth around 0.5 m and spring tides at times greater than 2.0 m (South African Naval Hydrographer, 1998). Estuary-ocean exchanges, which are largely determined by the configuration of the estuary mouth, are important for the flushing of the estuary and removal of nutrients to the ocean. However, increasing sedimentation at the Gamtoos tidal inlet over the past number of years has resulted in tidal attenuation immediately inside the flood tidal delta to 30% of that in the adjacent ocean, and, therefore, in reduced estuary-ocean exchanges. The situation is exacerbated by the presence of shallow, aggraded sandbanks upstream of station 4, which causes a restriction of tidal flushing in the upper estuary. During prolonged dry conditions, with decreased freshwater flow a nutrient build-up could occur in the upper estuary. Such an accumulation of nutrients could, in turn, lead to the proliferation of phytoplankton and macrophyte growth (Cole, 1973 as cited by Dallas and Day, 1993) . According to Schlacher and Wooldridge (1996) , of the total primary production in the Gamtoos estuary, microalgae predominate (87%). Excessive primary production will have effects up the estuarine food chain. In retrospect, chlorophyll analyses should have been performed simultaneously with the nutrient analyses. Nonetheless, the only visible sign of any nuisance macrophytic growth in the Gamtoos estuary was the presence of Azolla filiculoides in the shaded, low-flow areas of the upper estuary. The presence of Azolla filiculoides is not necessarily indicative of high nutrient levels, as it can assimilate atmospheric nitrogen through its symbiotic relationship with Anabaena azollae. It does, however, have a high phosphate requirement (Bieleski and Lauchli, 1992) .
Whilst the middle and lower reaches of the estuary are mostly well-mixed during spring high tides (by the input of seawater through the tidal inlet), in the event of rainfall, a freshwater inflow to the upper estuary in excess of 1 m 3 ·s -1 is sufficient to flush out the upper reaches of the estuary. Nutrients are removed downstream of the shallow aggraded section to an area where tidal mixing and dilution can occur, with subsequent flushing of the estuary during low tide. 
